Consideration of Quantities for the Practical Determination of Dose Equivalent
The considerations which led to the recommendation of quantities for environmental and individual monitoring in radiation protection are presented in this Section.
A variety of quantities have been considered such as:
• exposure, air kerma; • absorbed dose in air; • fluence; • absorbed dose at a point in tissue;
• dose equivalent at a point in tissue; • effective dose equivalent; • maximum absorbed dose in a shell of the ICRU sphere; • maximum dose equivalent in a shell of the ICRU sphere; • average dose equivalent in a shell of the ICRU sphere; • dose equivalent at a specified depth in the ICRU sphere.
A set of desirable properties of quantities to be employed in radiation protection was first established and then these properties were used to evaluate the quantities listed above.
Desirable Properties of Quantities Used in Radiological Protection
Unification Different operational quantities are currently employed in environmental (area) monitoring for different radiations (e.g., exposure for photons, absorbed dose to air or absorbed dose to tissue for electrons and beta rays, maximum dose equivalent for neutrons). It is desirable that a single quantity be employed for all ionizing radiations. Furthermore, in achieving this unification it is important that operational quantities should not be subject to frequent change, i.e., they should be durable.
Relatability to Limiting Quantities
Although the quantities employed in protection measurements need not be the same as the limiting quantities, they must be relatable to them. Reasonable overestimates of the limiting quantities may be tolerated, but substantial underestimates are not acceptable.
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Additivity
The property of additivity requires that if several radiation fields are superimposed, the numerical value of a quantity is determined by addition of the values of this quantity associated with each field. In general, additivity does not obtain for the index quantities.
Point Specificity
It is desirable that an operational quantity not only be associated with a point in space, but that it be exclusively determined by the field at that point rather than by the field in a finite region that contains the point. This simplifies measurement but does not apply to the index quantities.
In individual monitoring, point specificity is usually adequately met by a small detector that measures the average value of the operational quantity in the immediate vicinity of the point. However, when operational quantities for environmental (area) monitoring are defined in terms of location in a phantom, their values depend on the spatial and angular distributions of the incident radiation. The concepts of expansion and alignment (discussed in Section 2.2) have been introduced to avoid this difficulty.
Relation to Choice of an Appropriate Body or Phantom
The dose equivalent was defined to relate to human organs and tissues and its practical determination requires an appropriate phantom. Because of variability of human beings with respect to size, tissue composition, and anatomical detail, any standard phantom represents an approximation; it is therefore adequate to link an environmental (area) monitoring quantity to a very simple phantom representing man. Several alternatives are possible, ranging in complexity from a 0.3-m sphere to an anthropomorphic phantom like the MIRD-5 (Snyder et al., 1969) . The 0.3-m ICRU sphere has the advantage of spherical symmetry; furthermore, only this phantom has been defined by the international organizations concerned with radiation protection.
In individual monitoring the person concerned is present in the environment in which he is being exposed and the introduction of a standardized phantom would give rise to a loss of information concerning dose equivalent to the individual, the estimation of which is the principal object of radiation monitoring. Hence, it is evident that the individual's body should be used for the definition of the dose-equivalent quantity.
Measurability
An operational quantity should be such that its value can be determined by measurement, so that calculation from field parameters is not the only means of determining its actual values with adequate accuracy. This requirement applies particularly to the realization of the quantity in a standards laboratory. Measurement is evidently facilitated if some of the criteria given above are met. In general, the quantity determined is the absorbed dose at a specified depth in the ICRU sphere when it is unilaterally irradiated, and the dose equivalent is obtained by multiplication by a calculated average quality factor (Q). In a more comprehensive approach (thus far infrequently employed), the distribution of absorbed dose in linear energy transfer or lineal energy is measured which obviates the use of calculated values of Q.
In practical radiation protection, it is essential that operational quantities be measurable and preference should be given to quantities that can be readily measured (i.e., are compatible) with existing instruments with minimal changes or replacements.
Expansion and Alignment
The instruments commonly employed in environmental radiation monitoring contain sensitive elements that are smaller than the dimensions of the human body. Frequently, radiation fields are sufficiently uniform so that the reading of an instrument may be accepted as the constant value of the measured quantity throughout the surrounding region that would be occupied by a human body. This justifies an operation, termed expansion, in which the actual radiation field is replaced by a hypothetical uniform field in which the particle fluence, energy distribution, and angular distribution throughout the volume of interest are the same as in the actual unperturbed field at the point of measurement.
Expansion must be postulated in order to render point specific those operational quantities that are defined in terms of a phantom. However, even in an expanded radiation field, specified-depth quantities depend on the directional distribution of the radiation field. A further simplification can be obtained by alignment of the expanded field, which involves bringing all the radiation into parallelism without changing the fluence and energy distribution. The value of a quantity is then that which would occur if a phantom were placed in a standard orientation within a hypothetical infinite, uniform, unidirectional radiation field having the same total particle fluence and spec-tral distribution as the actual field at the point of interest. This operation on the field is termed alignment and expansion (see Appendix A).
Selection of Operational Quantities
Four operational quantities are recommended for radiation protection. The choice is based on the physical data presented in Appendix B and is in conformance with the desirable characteristics enumerated in Section 2.1 and further considered in Appendix C. The criterion of unification is regarded as overriding, which eliminates quantities that are not dose equivalent.
For environmental (area) monitoring, variants of the dose equivalent at specified depths in the ICRU sphere provide a reasonable compromise between the desirable properties, slightly different quantities being suggested for monitoring of deep and shallow organs, respectively.
For individual monitoring, the dose equivalent at specified depths in the body provides a reasonable compromise between desirable properties, and suggestions are also advanced below concerning calibration for individual monitoring.
The following quantities emerged as representing reasonable compromises for practical radiation protection:
(a) For environmental (area) monitoring for strongly penetrating radiation: the dose equivalent (sphere, expanded and aligned field) at depth d mm is now referred to as the ambient dose equivalent, H*(d). The value of d currently recommended is 10 mm. (See Appendix C.) "The ambient dose equivalent, H*(d), at a point in a radiation field, is the dose equivalent that would be produced by the corresponding aligned and expanded field, in the ICRU sphere at a depth, d, on the radius opposing the direction of the aligned field. H'(d) , at a point in a radiation field, is the dose equivalent that would be produced by the corresponding expanded field in the ICRU sphere at a depth, d, on a radius in a specified direction.
Notes 1. The ICRU sphere (ICRU, 1980) is a 0.3-m diameter tissue-equivalent sphere with a density of 1 g cm-3 and a mass composition of 76.2% oxygen, 11.1% carbon, 10.1% hydrogen, and 2.6% nitrogen. 2. The recommended depth, d, for monitoring in terms of H'(d) is 0.07 mm, and H'(d) may be written as H'(0.07). 3. An instrument which determines the dose equivalent at the recommended depth in a plane slab of tissue-equivalent material will adequately determine H' for weakly penetrating radiation if the slab surface is perpendicular to the specified direction and the radiation field is uniform over the entrance face of the instrument." (c) For individual monitoring: the specified-depth dose equivalents (body, site) for the depths 0.07 mm and 10 mm are now respectively referred to as the individual dose equivalent, superficial, H 8 (d) and the individual dose equivalent, penetrating, Hp(d). In order to standardize calibration, an ICRU sphere and a broad, parallel beam could be employed. The product of dosimeter reading and calibration factor is, in most cases, an adequate approximation of the specified-depth dose equivalent for the trunk.
